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fo By James W. TJseller, Willis M. Braithwaite, and Carl J. Rudey 

CO 

SUMMARY 

Eie Influence of combustion-chaniber length on afterburner perform- 
ance was investigated tinder conditions simulating altitude flight. !Ehe 
coD 5 )onent design and arrangaaent were selected from the results of pre- 
vious investigations to produce maximum thrust augmentation near the 
stoichiometric condition. 3Ihe combustion-chamber length was varied in 

progressive increments from 3 to 6^ feet. The combustion efficiency, 

ccmbustion temperature, and augmented Jet-thrust ratio increased rapidly 
with combustion-c h amber length up to 5 feet, after which further in- 
creases in combustion-chamber length produced only small increases in 
performance. Reducing the afterbumer-inlet pressure did not change the 
afterburner performance trends with length. Afterburners with combustion- 
chamber lengths of 4 feet or less required only a small flow of external 
cooling air to maintain safe structural teurperatures . Increasing the 
combustion-chamber length increased the cooling-air flow required. For 
the particular configuration investigated, the most favorable afterburner 
combustion-chamber len^t, considering both performance and cooling re- 
quirements, was about 5 feet. This length was not significantly changed 
by the afterburner equivalence ratio or flight condition. 


INTRODUCTION 

A series of Investigations aimed at the improvement of the design 
and the performance of turbojet-engine afterburners has been undertaken 
at the MCA Lewis laboratory. Included in these investigations were 
studies of the effects of the diffuser design (refs. 1 and 2, e.g.), the 
fuel spray characteristics (ref. 3), the flame-holder design (ref. 4), 
and the afterburner- inlet velocity (ref. 5) on the ability of the after- 
burner to efficiently augment the performance of a turbojet engine. The 
hl^ gas temperatures associated with maximum performance have also 
prcanpted investigations of methods to adeqxiately cool the afterbiamer 
structure (refs. 6 and 7). In addition to these vaidables, the tinre 
^ available for fuel mixing, vaporization, and conflbxostion (conmonly called 

resident time) will influence the afterburner perf o27mance . Because the 
afterburner diameter is usually determined by the space limitation of 
^ the air-frame installation, the resident time usually can only be con- 

trolled by changing the length of the afterburner combustion chamber. 
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Determination of the effect of the combust icoi-chamber length on the per- 
formance and cooling requirements of the afterhurner was the objective 
of the investigation reported herein. 

An afterburner designed to operate at a high performance level was 
constructed in such a manner that the cotabustlon-chairiber length could be 

varied from 3 to 6^ feet in progressive increments. The effect of 

varying the combustion-chamber length on the combxrstion efficiency and 
temperature was investigated at afterbvirner- inlet pressures of 1050 and 
1600 pounds per squaxe foot absolute (simulated flight at a Mach number 
of 1.0 and eua altitude of 35,000 ft and for a flight Mach manber of 
0.8 and an altitude of 40,000 ft). The effect of combustion-chamber 
length on the altltvide operating limits and on the afterburner- 
structiire cooling requirements was also determined. 


AEPABATUS ARD IRSTRUMESHTATION 

Engine . - The axial-flow turbojet engine used in this Investigation 
developed 3000 pounds of thius,t at sea-level conditions with an engine 
air flow of 58 pounds per second, an average tiucbine-outlet gas temper- 
at\ire of 1625° R, and a rated engine speed of 12,500 rpm. The fuel \ised 
in the primary engine combustor was clear, unleaded gasoline (62 -octane). 

Afterburner . - A schematic diagram of the afterburner assembly is 
shown in figure 1. The primary components of the afterburner included 
a conical annular diffuser, a two-ring V-gutter flame holder with an 
area blockage of 34.7 percent, a fixed-area exhaiist nozzle, and an 
external manifold fuel system. The combustion-chamber lengths investi- 
gated and the corresponding fixed-area exhaust nozzle used are shown in 
the table accompanying figure 1. The afterburner was designed to pro- 
vide a gas velocity at the leading edge of the flame holder of approx- 
imately 530 feet per second. Vortex generators were welded to the up- 
stream end of the conical-diffuser inner cone to prevent flow separation. 
The afterburner combustion chamber had a constant diameter of 22.8 inches 
and was air cooled from a point immediately downstream of the flame hol- 
der to the exhaust -nozzle outlet. Afterburner cooling air was supplied 
at room teirgierature from an outside source. 

The afterburner fuel was introduced through a series of 24 radial 
fuel spray bars that were equally spaced around the circumference of the 
afterburner and were located approximately 25 inches upstream of the 
flame holder. Twelve of the spray bars had ei^t holes and the alternate 
twelve bars had only six holes. The diameter and spacing of the spray- 
bar holes (shown in fig. 2) were such as to provide a uniform fuel-air 
profile across the afterburner diameter, as recommended in reference 3 
for good performance . A mass-flow profile was determined as the basis 
for the design of the fuel- spray system and is shown in figure 3(a) . The 
fuel spray bars were designed to provide fuel flow matched to the air flow 
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pattern during stoichiometric operation with the resultant radial fuel- 
air ratio pattern shown in figure 3(h). The fuel-air ratio was reduced 
sli^tly near the afterburner wall for all configurations investigated 
to reduce the maxim-urn wall tenrpemture . Afterburner ignition was accom- 
plished by means of a hot streak initiated by a stream of additional fuel 
being injected at the turbine inlet. The afterburner fuel -was MEL-F-5624A 
grade JP-4. 

Ins trumentat ion . - The engine air flow was measured by means of a 
venturi section ahead of the engine inlet by the use of the static pres- 
sures in the venturi throat and the total pressure of the altitude- 
chamber inlet . The afterburner cooling-air flow was measvired by an 
A.S.M.E. designed orifice. The engine and afterburner fuel flows were 
measured by calibrated rotameters. An NACA gas mixture analyzer was 
\ised to sample the afterburner fuel-air ratio at various positions in 
the afterburner. A description of the analyzer and the sampling tech- 
nique employed is contained in reference 3. 

The instrumentation installed in the engine and afterbiimer is 
shown in the followtog table; 


— 

Station 

1 

(Engine 

inlet) 

5 

(Turbine 

outlet) 

9 

(Exhaust - 
nozzle 
inlet) 

10 

(Exhaust- 
nozzle 
outlet ) 

Total-temperature 

thermocotiples 

20 

48 

— 

— 

Total-pressure 

probes 

(a) 

20 

13 

— 

Static -pres sure 
probes 

6 (-wall) 

4 (wall) 

— 

8 (lip)^ 


®'Engine-inlet total pressure was assumed equal to altltude- 
chamber inlet pressure. 

^our lip static-pressure probes were mounted 90° apart on 
both the primary and the secondary nozzles as shown in 
figure 1. 

As part of the afterburner cooling phase of this study, tom: skin 
thermocouples were spot -welded 90° apart on the afterbiomer wall at each 
of the following stations, as meastired downstream from the flame holder: 
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Hcminal 
combust ion- 
chamber 
length, 
ft 

Thermocouple location, 
in. from, flame holder 

6.5 

16, 60, 70.56, 73.56, 76.56 

5.0 

16, 44, 52.56, 55.56, 58.56 

4.0 

16, 32, 40.56, 43.56, 46.56 

3.0 

16, 20, 28.56, 31.56, 34.56 


The contbustleaa-c h amber length is hereinafter defined as the distance 
between the flame holder and the exhaust -nozzle outlet. 

InstaJI.I at ion . - The turbojet-engine afterburner configuration was 
installed in an altitude test chamber which permitted simulation of 
engine - in let ten 5 )eratures and pressures corresponding to the desired 
fli^t conditions and exhaust pressures corresponding to the altitude 
being simulated. The engine was mounted on a suspended thrust bed which 
was connected through a null-type thrust measxiring cell to the altitude 
chamber. 


EROCETWEE . 

The afterburner combustion -chamber length was varied by Inserting 
or removing cylindrical sections of the afterburner and cooling shroud 
between the flame-holder location and the exhaust -nozzle inlet. 

CoHibust ion-chamber lengths of 6^, 5, 4, and 3 feet were investigated. 

For each afterbirmer combustion-chanijer length investigated, per- 
formance data were obtained at nominal afterburner-inlet pressvires of 
1600 and 1050 pounds per square foot over a range of equivalence ratios 
(fraction of stoichiometric fuel-air mtio) from lean blow-out to stoi- 
chiometric or until the limiting turbine -outlet gas tenrperattire was 
reached (l625° E). 

For each combiist ion-chamber length, the altitude operational limit 
was determined for a flight Mach number of 0.8 by Increasing the altitude 
in 1000-foot increments until blow-out occurred or a stoichiometric con- 
dition was reached. 

The cooling-air flow requirements of the afterbiimer were studied 
by varying the air flow from 5 to 35 percent of the afterburner gas flow. 
A limiting wall temperature was established by maintaining a maximum 
individual wall temperatvire of 2000° R. The afterburner cooling studies 
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were conducted with the afterbumer operating at a stoichiometric fuel- 
air ratio. The symbols used throu^out this report are defined in 
appendix A, and the methods of calculation are given in appendix B. 


EESUnCS AMD DISCUSSION 

The performance level and the operational limits of turbojet -engine 
afterburners are affected by the interaction of the performance charac- 
teristics of the afterburner coniponents. In order to eliminate the 
influence of all components other than conibustion-chaiiiber length, i 
other variables were fixed as much as was feasible throughout the 
investigation. 

Afterbtjrner- inlet conditions . - The use of a fixed-area eadhaust 
hozzle and the variation of total-press^^re loss with length precluded 
'the establishment of exactly similar aft erbximer- inlet conditions of 
tenqperature, total pressure, and velocity. The variation of these 
parameters with combustion-chamber length is shown in figure 4 for sev- 
eral afterburner equivalence ratios and for two flight conditions during 
stoichiometric afterburning. An increase in the afterbumer- inlet aver- 
age teraperattire of approximately 15 percent (200° to 250° E) was measured 

for a variation of ccmibust ion-chamber length from 3 to 6^ feet (fig. 

4(a) ) . A change of approximately 9 percent was effected in the inlet 
tanperatxare when the equivalence ratio was varied from 0.7 to 1.0. The 
afterburner- inlet total pressure (fig. 4(b)) Increased similarly with 
Increasing comb-ustion-chamber len^h. The afterbtimer-inlet average gas 
velocity decreased approximately 40 feet per second with the extension 
of the combizst ion-chamber length (fig. 4(c)). Although qualitative com- 
parisons of the afterbvimer performance eire possible, the variation of 
the afterburner- inlet flow conditions with combust ion-chnjnber length 
tends to penalize the shorter afterburners and must be considered in the 
final evaluation of the performance. 

The effect of varying the combustion-chamber lenrth on the conibus- 
tion efficiency and ten 5 >erat\u*e is shown in figures 5(a) and (b), respec- 
tively, for several equivalence ratios d(jring simulated flight at a Mach 
number of 1.0 and an altitude of 35,000 feet. As might be anticipated, 
both combustion efficiency and combustion temperature are relatively low 
for the short afterbiimers (canflaust ion-chamber lengths from 3 to 4 ft) 
due to lns\afflcient resident time. The combustion performance increases 
rapidly with combustion-chamber length tmtll a maximum is reached for 
lengths between 5 and 6^ feet. The actual length at which maximum com- 

b\istion perfomaance is reached is a function of the equivalence ratio, 
with longer combustion chambers being required at lower equivalence 
ratios . 
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The avigmented Jet-thmst ratios res\jJ.tlng from the combustion per- 
formance are shown in figure 5(c). The thrust augmentation eiIso increases 
rapidly from a relatively low value at a length of 3 feet to a maximum 
at a length slightly greater than 5 feet. Further increases in length 
and consequently in fuel resident time fail to produce additional in- 
creases in thrust augmentation because of the continuing increase in 
total -pressiire loss with length. The increase of the total -pressure loss 
parameter with the combustion-chamber length is shown in figure 5(d). 

The total -pres sure loss parameter followed a trend similar to that 
of the augmented jet-thrust ratio with varying combiist ion-chamber length 
except that a maximum was not reached. The pressure loss Increased rap- 
idly for afterburner lengths up to approximately 5 feet and exhibited 
only small increases in the pressure loss parameter for lengths in excess 
of 5 feet. The total -pressure loss in the afterbxirner is shown as a 
function of the impact pressure (P 5 - P 5 ) in order to minimize the effect 
of afterburner- inlet velocity changes. 

The variation in afterbiimer perfomnance associated with a change, 
in afterburner -inlet total pressure is shown in figure 6 . For an equi- 
valence ratio of 1.00 (stolchicxnetric fuel -air ratio), decreasing the 
afterbiimer- inlet total pressure from 1600 to 1050 pounds per square 
foot absolute (fig. 6 (a)) decreased the. combiistion efficiency 0.12 and 
0.07 for combust ion-chaiber lengths of 4 and 6 feet, respectively. 
Acconipanying this decrease in combustion efficiency was a reduction in 
combiistion temperature (fig. 6 (b)) between 200° and 350° R and a decrease 
in the augmented jet-thrust ratio (fig. 6 (c)) between 0.15 and 0.10, with 
the smaller thrust loss being associated with the longer combustion 
chamber. The total -pressure loss parameter (fig. 6 (d)) was approximately 
0.02 higher at the lower afterburner- inlet pressure than at the higher 
pressure . 

Changing the afterburner- inlet pressure from 1600 to 1050 pounds 
per square foot absolute reduced the performance of the afterburner but 
did not change the performance trends with increase in combust ion- 
chairiber length. 

Operational limits . - The afterburner was operated with each of the 
combustion-chamber lengths at a flight Mach number of 0.8 and equivalence 
ratios from 0.8 to 0.9 to determine the maximum operable altitude. The 
shortest afterbixmer (3-foot combustion chamber) was operable to a max- 
imum altitude of 45,200 feet, while the afterbiimer with a combustion- 

chamber length of 6 ^ feet was operable to an altitude of 47,600 feet 

(fig. 7 ). In considering the maximum operable altitudes encoimtered 
^th this afterburner, it must be remembered that" the achievement of 
maximum thrust augmentation with an afterburner us^ually requires a cam- 
promise of the altitude-and lean cperational characteristics. An after- 
burner capable of high augmentation performance will require a fuel dis- 
tribution system that will not necessarily be ideal for lean operation' 
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and vice versa. Althou^ the cijrve of maximum altitude operation limit 
shown in figure 7 appears to continue to increase with comhustion-chamher 
length, the rate of increase is small. There would obviously he a length 
beyond which the altitude limit would not Increase further. The small 
increase in the altitude limit is attributed to the slightly higher 
afterburner-inlet pressure level associated with increasing afterbiimer 
length. 

The effect of the combustion-chamber length on the equivalence ratio 
at which lean combustion blow-out occurred is shown in figure 8 for two 
fli^t conditions. In general, the increased residence time permitted 
operation at leaner fuel-air ratios (lower equivalence ratios} . During 
operation at an afterburner- ini .et pressure of 1600 pounds per square foot 
absolute, the lean blow-out operational limit dec 2 reased from an equlva- 
laace ratio of 0.63 for the 3-foot combustion chamber to 0.50 when the 

6^-foot combustion chamber was investigated. A similar trend is shown 

for operation at an afterburner- inlet pressure of 1050 pounds per. square 
foot absolute. Some increase in the lean operation may be attributed to 
the increased pressiire level in the afterburner with Increased length, 
although the pressure effect on the lean operational limit is shown to 
be small in figure 8. 

Structural cooling requirements . - Operation of conventional after- 
burners at high temperatures and hi^ efficiencies requires a considerable 
quantity of cooling air to maintain the structural tenq)erat\ires within 
safe limits . Although the average wall temperature is Important for 
installation pinrposes, local individual tenxperatxares will determine struc- 
tural failtires due to overheating. The maximum individual afterb\jmer 
wall teniperatures measured during the investigation are shown in figure 
9 for cooling-air flow from zero to 35 percent of the afterburner gas 
flow. A maximum local tenrperatiire of 2000° E was used as the limit for 
safe operation during this investigation. Combustion-chamber lengths of 
less than 4 feet do not require auxiliary cooling air to maintain temper- 
atiires below 1550° E. This is a result of the provision in this partic- 
ular fuel-system design for lean fuel-air ratios adjacent to the after- 
bvimer structure. Ccmbustion chambers greater than 4 feet in length 
require sizeable quantities of cooling air to maintain safe maximum 
structure temperatures. For example, a 5-foot-long combustion chanber 
would require a cooling-air flow of 10 percent of the afterburner gas 
flow for a maximum structure temperature of 1915° R, 15 percent weight 
flow for a maximum temperature of 1750° R, and proportionately larger 
quantities of cooling-air flow to maintain lower maximum structvire tem- 
peratures. Any further increase in the combust ion-chamber length would 
require even greater quantities of cooling-air flow to maintain a given 
structure temperature. 
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CONCUJKOJG EEMAEKB 

The effect of ccanibust ion-chamber length on conibxistion efficiency^ 
cooling requirements > and operational limits vas investigated on an 
afterburner designed to operate at a hi^ performance level. The com- 
btistion efficiency^ combustion teng)erature^ and augmented jet-thrust 
ratio Increased rapidly with combustion-chamber length up to approxi- 
mately 5 feet. Further Increases ih the combustion- chamber length pro- 
duced only small Increases in performance. The total-pressure loss in 
the afterbiAmer followed a similar trend with only small increases in ^ 

the pressure loss parameter for lengths In excess of 5 feet. Changing « 

the afterbirrner- Inlet pressure frcaa 1600 pounds per square foot (asso- 
ciated with a flight condition simulating a Mach number of 1.0 and an 
altitude of 35,000 ft) to 1050 pounds per square foot (flight Maich niaa- 
ber of 0.8 and altitude of 40,000 ft) reduced the performance of the 
afterburner but did not change the performance trends with increase in 
combust ion -chamber length. The effect of the combust ion -chamber length 
on the maximum operable altitude and on the limit, of lean operation was 
sli^t for the range of flight conditions investigated. For the config- 
uration investigated, as the ccanbustion-chamber length was Increased 
beyond 4 feet, substantial Increases in cooling-air flow were required 
in order to maintain a given afterburner wall tanperature . 

The afterburner performance, the normal losses in the afterburner, 
and the structural cooling requirements indicate that the most desirable 
combustion-chamber length for an afterbvimer of the type investigated is 
approximately 5 feet and that this length is not significantly Influenced 
by the afterburner equivalence ratio or flight condition. 


Lewis Fll^t Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, May 14, 1954 
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SYMBOLS 

The following symbols are used in, this report: 
cross-sectional area, sq ft 

coefficient of discharge, ratio of measured to theoretical mass 
flow through exhaust nozzle 

velocity coefficient, ratio of actual effective jet velocity to 
theoretical effective jet velocity 

jet thrust, lb 

calculated nonafterbumlng jet thrust, Ih 
fuel-air ratio 

acceleration due to gravity, 32.2 ft/sec^ 
enthalpy, Btu/lh 
combustion-chaiiiber length, ft 
Mach number 
mass flow 

total pressxire, Ib/sq ft abs 
static pressiare, Ib/sq ft abs 

gas constant, ^molecular wel^t) Clb)(‘^) 

total temperature, ?R 

velocity, ft/sec 

air flow, Ib/sec 

fuel flow, Ib/hr 

gas flow, Ib/sec 
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T ratio of specific heats 

T] combuBtion efficiency 

<p equivalence ratio (fraction of stoichiometric fuel-air ratio) 

Subscripts; 
a air 

b afterbvimer 

c cooling air . 

e engine 

i ideal 

0 free -stream conditions 

1 engine inlet 

5 turbine outlet 

6 flame holder (afterburner combust ion-chamber inlet) 

9 exhaust -nozzle inlet 

10 exhaust -nozzle outlet 
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APPEKDIX B 


METHODS OF GALCUIATIONS 


Fll^t Mach number . - The simulated flight Mach number was 
lated from, the following relation with complete ram. recovery at 
engine inlet assumed; 



calcu- 

the 


CD 


■vriiere t for the inlet air was assumed to be 1.4 and was measured 

in the altitude -chamber inlet section. 


Air flow . - The engine air flow was calculated froni pressure and 
temperature measxirements obtained in the engine-inlet duct by the follow- 
ing equation; 


/ 

“ r-i “ 

(r - i)kPi 

1 


(2) 


The gas flow at the exit of the afterburner was then con^juted as 

- + w. 


W = W 1 + 
g a,l 


3600 


''fjh 


(3) 


Equivalence ratio . - The engine equivalence ratio was computed aa 


<P 


e 


14.99 


Wf.e 

3600W^^1 


(4) 


The afterburner equivalence ratio was computed on the basis of the 
afterburner fuel flow and the unbumed air and fuel entering the after- 
bumer: 


‘Pb 


14.82 

3600 



14.99 

14.82 


V . 



(5) 
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where 14.99 is the stoichiometric air-fuel ratio for the engine fuel, 
14.82 is the stoichiometric air-fuel ratio for the afterburner fuel, and 


Wf,e,i 


W. 


8i • 1 



(p^,i = 14.99 




W. 




a,l 


( 6 ) 


where X is the difference between the enthalpy of the oxygen of the 
incoming air and the enthaJ.py of carbon dioxide and water vapor formed 
by combustion (ref. l), and is the fuel flow required for the 

enthalpy rise across the combustor with 100-percent combustion 
efficiency. 

Augmented Jet-thrust ratio . - The augmented jet -thrust ratio is 
defined as the ratio of the jet thrust of the afterburning engine to the 
jet thrust of the engine equipped with a nonafterbumlng tail pipe and 
operating at the same turbine -outlet total temperature and pressure. 

The jet thrust of the afterb-urning engine was obtained from the equation 

where ^'g^ale thrust scale reading, is the area of 

the engine at the labyrinth seal in the front bulkhead of the altitude 
test chamber multiplied by the pressiure difference across this bvilbhead, 
and Fjj is the thrust d;ie to the cooling-air flow ae determined by 
pressiire and teniperature measurements in the cooling passage. 

The nonafterburning jet thrust Fj ' was computed with the assump- 
tion of a 3-percent toteil-pressure loss between the turbine outlet and 
the exhaust nozzle of the nonbuming tall pipe: 



is the effective velocity parameter as defined 


in reference 8 and is a function of Tc siid = — j Pg = 0.97Pgj and 

» 0 . 99 . 9 
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Exhaust -gas total temperature . - In order to conrpute the afterburn- 
ing exhaust-gas total teniperature_, it was necessary first to conrpute the 
exhaust -nozzle total pressure. Ihis was deternined from the following 
relation, which was derived in reference 9 for a choked nozzle: 

JC_ 

5^ - ^ID - Po (10) 

where the values of are a function of P^^p^ and were obtained 

from reference 10^ and is 0.99 as previously defined. 


The exhaust -gas total temperature was then computed from the 
equation: 



at the exhaiist -nozzle exit as derived in reference 8 . 

Afterbirmer-inlet velocity . - The velocity at the afterburner inlet 
was confuted from a static -pressure measiurement, the total temperature, 
the weight flow, and the area at station 6 by iislng the one-dimensional 
flow parameters of reference 8 : 


"(v^)e 




where 


was obtained frcm the charts of reference 8 


f ^ \ 

static-pressiire parameter ( computed for the 

inlet station with the assumption that Tg = T 0 . 


( 12 ) 


and the 
afterburner - 
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Figure 2. - Design, of afterburner fuel spray bar. (All dimensions are In Indies) 
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(c) Variation of afterburner- inlet velocity. 

Figure 4. - Concluded. Variation of afterburner- inlet tempera 
ture, pressure, and velocity with combustion- chamber length. 
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(b) Afterburner combustion temperature. 

Figure 6. - Effect of variation in cond^ust ion -chamber length on afterburner 
performance for two flight conditions with stoichiometric afterburning. 









(d) 

Figure 6. - Cone 
length on afte 
stolchloinetric 



Equlvalance ratio, <p Altitude, ft 


24 


mCA m E54E06 



Figure 7 . - Effect of combustion-chamber length on aJLtltude 
operational limit. Flight Mach number ^ 0.8- 



Flgure 8. - Effect of combustion- chamber length on lean combus- 
tion blow-out operational limits. 
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